The flow and temperature fields in packed beds are rather complex but are of great importance since they will influence macroscopic parameters and the overall performance of the packed bed system. Regions with either too high or too low velocity are not preferred since they will decrease the heat and mass transfer characteristics of packed beds. The residence time distribution (RTD) is a way to assess the characteristics of the flow maldistribution, where a narrower distribution is closer to the ideal plug flow with less dispersion. In this article, the RTD in three typical structured packed beds, namely, the simple cubic (SC) packing, the body-centered cubic (BCC) packing and the facecentered cubic (FCC) packing, are studied by using ANSYS FLUENT. Results show that, firstly, the RTD curve can be used to diagnose the flow pattern in packed beds where the skewed peak indicates the channeling effect and a long tail relates to recirculation. It is revealed secondly that, FCC packing has the narrowest RTD curve in the studied structures, BCC packing comes second and SC packing has the flattest RTD curve, which demonstrates that the flow uniformity in FCC packing is the best. For the same packing form, the flow is less maldistributed at higher velocity. Finally, it is shown that the packing form with less dispersion, which behaves more like the ideal plug flow, has a more uniform distribution of the particle-to-fluid heat transfer coefficient near the particle surface.
Introduction
Packed bed reactors are widely used in chemical industry due to their high specific surface area offered for the reactions and low cost [1] . To date, many of the mathematical models of packed bed reactor are based on the assumption of plug flow which does not consider the flow inhomogeneity [2] . However, this is not the case in real packed beds due to the complex geometry and the flow inhomogeneity has a big influence on the macroscopic parameters. The flow inhomogeneity is also an important issue in other devices such as heat exchangers. For example, Pasquier et al. [3] studied the fluid flow distribution inside printed circuit heat exchanger headers and found that by introducing a novel header, the flow nonuniformity of the heat exchanger can be reduced by 91% and the heat transfer performance can be improved. Therefore, the estimation of flow inhomogeneity is of great importance and can support the development of better reactors.
The flow in the packed beds is rather complex. There exist regions with low flow resistance and others with high flow resistance. The low flow resistance can lead to a channeling effect, allowing a major portion of the fluid to flow through this pathway. Wall effect is one of the channeling effects in packed beds since the porosity near the wall is higher than in the bulk of the packed bed and hence the flow resistance is lower. Research has shown that the local velocity near the wall can be as high as 8 times the superficial velocity [4] . The channeling effect is not good for the heat and mass transfer together with the reaction characteristics since the flow doesn't have enough time to be in contact with the particles. Therefore, some modified structures were established to avoid the channeling effect [5] . On the other hand, recirculation and stagnation occur in regions with high flow resistance. The flow going into these regions can also reduce the heat transfer and reaction characteristics since the change in the related parameters cannot be transferred to the downstream in time. From above, one can understand that the flow inhomogeneity is crucial for the overall energy efficiency of the packed bed reactor system.
The residence time distribution (RTD) is a common way to capture and diagnose the flow inhomogeneity. By giving a tracer signal at the inlet, the tracer concentration is monitored at the outlet. If the flow behaves as the ideal plug flow, which means a uniform velocity distribution in the cross sections along the flow direction, then the tracer signal obtained at the outlet is the same as the given one at the inlet but with a delay in time, when the molecular diffusion is neglected. However, if the flow is non-uniform with some channeling and stagnation inside it, then the tracer signal obtained at the outlet will be time-dependent. The tracer signal obtained at the outlet, which is expressed as the RTD curve, is used to estimate the flow maldistribution.
Typically there are two methods to receive the RTD curve, namely experimental measurement and a numerical study. Gupta and Bansal [6] carried out RTD response experiments in packed bed reactors with different tube-to-particle diameter ratios and with different particle shapes to assess their effects on the axial dispersion coefficient. Menon et al. [7] experimentally studied the flow characteristics in a typical packed bed electrochemical reactor under both non-electrolyzing conditions and electrolyzing conditions. The hydrodynamics of an upflow anaerobic fixed bed reactor were determined by tracer response experiments and by calculating the RTD curves at different volumetric flow rates [8] . A non-ideal tracer detection technique was employed to study the flow pattern in a plate heat exchanger (PHE) by RTD curves since the deviation from the ideal plug flow will influence the heat-induced changes which is of significance in a PHE [9] . An experimental study was also carried out in micro-structured plate reactors [10] . The results showed that the zig-zag channel can obtain narrower distribution of RTD than the straight channels. Channels which can obtain narrow RTD and minimize dispersion were recommended. Liu et al. [11] employed a steady symmetrical impinging stream technology to increase the particle's residence time in the main active area to enhance the heat and mass transfer in an impinging stream reactor. Atmakidis and Kenig [12] employed a tracer-injected method in numerical simulation which imitates the experimental process to study the RTD curves in packed beds with small tube-to-particle ratios to assess the influence of the wall effect. Another method called the post processing method was also adopted in their research and the results of the two methods were compared. Pawlowski et al. [13] studied RTD in monolithic porous columns reconstructed from X-ray tomography data by computational fluid dynamics (CFD) modeling and made comparison with the experimental results. The RTD in multiorifice baffled tubes was numerically studied where the concentration-time profile of the tracer was analyzed [14] . Guo et al. [2] revealed that there is a relationship between the velocity distribution in a cross section and the RTD curve by CFD simulations.
Researches have shown that the pore structure of packed beds can influence the flow fields as well as the temperature fields. Dixon and Wu [15] studied the influence of thermowell, which is inserted into the center of randomly packed beds in the axial direction, on the velocity and temperature fields by carrying out pore-scale simulations. Results showed that, the pore structure near the thermowell was changed and axial temperature profiles were different to the un-instrumented beds. Jebakumar et al. [16] carried out Lattice-Boltzmann simulations to study the flow past stationary particles in a channel to determine the influence of the particle on the flow structure. Yang et al. studied the fluid flow and heat transfer in structured packed beds by both experiment [17] and numerical simulation [18] . They found that the local and macroscopic characteristics of the structured packed beds with different packing configurations behave in quite a different way. Wang et al. [19] carried out porescale simulations to study the velocity and temperature profiles in both simple cubic (SC) packing and the grille-sphere composite packed bed (GSCPB). The mechanism of heat transfer enhancement in GSCPB was revealed. The parametric study of the effect of packing parameters on the hydrodynamic characteristics in GSCPBs was further studied by Hu et al. [20, 21] . Qian et al. [22] studied the heat and mass transfer characteristics together with methane steam reaction performances in GSCPBs with different channel-to-particle diameters. A hollow structured packed bed (HSPB), which is a hybrid of the structured and randomly packed bed, proposed by Guo et al. [23, 24] was used to increase the overall heat transfer characteristics in packed beds. Dasgupta and Atta [25] performed numerical simulations to study the velocity distributions and flow maldistributions in packed beds with simple cubic (SC) packing and face-centered cubic (FCC) packing.
To the best of our knowledge, the flow maldistribution and its influence on heat transfer in different packing configurations of packed beds have not been fully studied. Therefore, the purpose of this article is to assess the flow pattern through RTD curves in three typical structured packed beds including the simple cubic (SC) packing, the body-centered cubic (BCC) packing and the face-centered cubic (FCC) packing. Then attempt to reveal the relationship between the RTD and the heat transfer is carried out. In this article, the physical models and the numerical methods including the simulation of RTD are described in Section 2. The results and discussion are presented in Section 3. Conclusions are organized in Section 4.
Numerical methods and RTD analysis
In this article, three typical structured packed beds including the simple cubic packing (SC), the body-centered cubic packing (BCC), and the face-centered cubic packing (FCC) were investigated. The physical models and numerical methods adopted in this article are described in this section. Figure 1a shows the schematic diagram of a packed bed which is orderly stacked by spheres. In the structured packed bed, the packing forms can be the SC, BCC or FCC forms, whose periodic packed cells are shown in Figure 1b . In the packed bed systems, the particles are supposed to have a higher temperature than the inlet flow, whereas the tube wall is adiabatic. In order to reduce the calculation amount, only one of the periodic flow channels is chosen for each configuration and walls all around are set as symmetric boundaries. For the sake of numerical simulations, the packed sections are extended to gain a fully developed and uniform flow at the inlet and avoid the backflow at the outlet. The computational domains for the three packing configurations are shown in Figure 2 and the corresponding parameters are listed in Table 1 . To clarify, the length of the periodic cell in the three packing configurations varies from each other. However, in order to make a comparison between different configurations, the same packed section's length (L 2 ) is preferred. In this article, the packing configurations only consist of whole particles. As a result, different numbers of the periodic cell were chosen for different structures to guarantee a similar bed length which varied from 120 to 122.88 mm.
Computational models
The Reynolds number in this article is defined as
where q f is the fluid density, v is the inlet velocity, e is the porosity of the packed bed, d h is the hydraulic diameter and l is the dynamic viscosity of the fluid. The hydraulic diameter d h is defined as
where V gas and V t refer to the fluid volume and the total volume of the packed section, respectively. A p represents the surface area of the particles. The heat transfer coefficient is defined as
where q refers to the heat flux between the particle and the fluid, T p and T f are the temperature of the particle surface and the fluid, respectively. 
Solution procedure and boundary conditions
In the simulations, air is adopted as the working fluid. The inlet is set as a velocity inlet while the outlet is a pressure outlet. The particle surfaces are set as non-slip walls with a constant temperature of 333 K. Air of 300 K flows into the computational domain and absorbs the heat carried by the particle surfaces until a balance is achieved. The commercial software ANSYS FLUENT is employed to solve the three-dimensional Navier-Stokes and energy equations [26] . In this article, the inlet velocity for the different configurations is supposed to be the same. Two inlet velocities of 1 m/s and 1.76 m/s are studied. When the inlet velocity equals to 1 m/s, the corresponding Reynolds numbers in SC, BCC and FCC (a) SC NUMERICAL HEAT TRANSFER, PART A: APPLICATIONS forms are 1046, 806, and 740, respectively, which are in the range of turbulent flow (for SC packing, Re > 430; for BCC packing, Re > 350; for FCC packing, Re > 250 [27] ). The RNG k-e turbulence model and scalable wall functions are adopted for the internal turbulent flow. The RNG k-e turbulence model is applicable to the small-scale eddies, which are independent of the larger-scale phenomena that create them, and it is more suitable for modeling turbulent flow in complex geometries [28] . The SIMPLE algorithm is used to handle the pressure-velocity coupling. The second-order upwind scheme is selected for the convective terms in the momentum, energy and turbulence equations. In order to guarantee convergence of the steady state, the residual of the calculation should be less than 10 À6 .
Mesh sensitive study
In order to avoid a poor mesh quality at the contact point between particles, a bridge model with the bridge diameter equal to 20% of the particle diameter is adopted since researches have shown that the bridge model can not only obtain reliable marcoscopic parameters, such as the pressure drop and the heat transfer coefficient, but also can acquire the corresponding flow fields [29, 30] .
For the calculation models, the commercial software ANSYS ICEM CFD is used to generate the mesh. A tetrahedral mesh is adopted due to the complex flow domain. The results are sensitive to the mesh dimension near the particle surfaces [29] . Therefore, four grid systems of varying grid size near the particle surface (1/30 d p , 1/60 d p , 1/75 d p , and 1/100 d p ) are chosen during the grid independence test. The Nusselt number (Nu) and friction factor (f) are calculated for different mesh dimensions. The maximal element size near the particle surface of 1/75 d p is adopted ultimately due to insignificant variations of the Nusselt number and friction factor. The details of the grid independence test can be found in our previous study [19] .
Numerical method validation
A similar packed bed model reported by Calis et al. [31] and Romkes et al. [32] is chosen to check the accuracy of the numerical method. The friction factor and Nusselt number are calculated and compared with the reference values. An average deviation of 3.94% and 0.43% for the friction factor and Nusselt number, respectively, indicates the reliability of the present method. Detailed information of this part can also be found in our previous study [19] , which is not going to be repeated here.
RTD by the tracer method
In the present study, the tracer method, which imitates the conventional experimental procedure, for the RTD determination is adopted. In the experimental procedure, a non-diffusive tracer is injected into the packed bed reactor. Although several input types including the pulse, periodic and random injections could be used, the most often used one in practice is the pulse injection (Dirac pulse), because it gives the RTD directly. An injection is considered as instantaneous, when its duration is less than 3% of the whole mean residence time within the system [12] . The concentration of the tracer is recorded at the outlet of the packed bed. A similar approach is used also in the CFD modeling. After the steady flow field is obtained, a non-diffusive tracer is injected into the computational domain using a Dirac function and the species transport equation is solved. The concentration of the tracer is calculated and followed until it completely exits the computational domain. The duration time of the tracer injection is less than 1% of the whole mean residence time [12] . To clarify, the influence of molecular diffusion on the RTD characteristics is negligible. From the tracer concentration averaged over the cross section in the computational domain, the RTD function can be calculated using the following equation [12] :
where C ave is the average tracer concentration of the cross section and t is the time. The mean residence time (MRT) s and the variance of the residence time distribution (VRTD) r t can be calculated by the following equations:
Here, VRTD is used to assess the degree of flow non-uniformity and how far the flow deviates from the ideal plug flow. The smaller the VRTD, the closer is the flow pattern to an ideal plug flow [33] . In this article, a series of cross sections along the axial direction were created and the tracer concentrations versus the time were monitored. After that, the RTD curves were obtained and the MRT and VRTD were calculated.
Results and discussion
In this section, the flow fields, the temperature fields and the residence time distributions in the three packing structures will be described in details.
Flow fields
The flow fields in the three packing configurations are analyzed when the inlet velocity equals 1 m/s. Figure 3 shows the streamlines in the different packing configurations. From Figure 3a , one can see that there is a straight passage inside the SC structure where the velocity is high. However, recirculation occurs between the upstream particles and the downstream particles. The recirculation occupies a large proportion of the whole flow space. In the BCC packing, the maximum velocity is higher than that in SC packing but the high velocity region is much smaller. This indicates that the particle configuration of BCC packing has a fiercer disturbance but a less channeling effect compared with the SC packing. Also some backflow can be found in the BCC packing. As can be seen from Figure 3c , no obvious recirculation is found in the FCC packing, which is much different from SC and BCC packing forms. However, due to a small porosity, the maximum velocity in FCC packing can be as high as 10 .87 times the inlet velocity. From these facts, one can learn that the recirculation occurs mostly when the distance between the upstream particles and the downstream particles is small, as in SC and BCC packing forms. 
Temperature fields
In the numerical simulations, the particle surfaces are assumed to have a constant temperature of 333 K, while the inlet temperature is 300 K. In this case, heat is transferred from the particle surfaces to the fluid. Therefore, the related heat transfer is the one between the particle and the fluid, which might be a quite important parameter in real applications. The temperature fields and the distributions of wall heat transfer coefficient on the particle surface in the three configurations are analyzed in this part. Figure 4 shows the positions of the studied cross sections and the selected particles. Here, the shown diagonal cross sections are used to analyze the temperature profiles and the marked particles are selected to study the wall heat transfer coefficient in the fully developed region. Figure 5 shows the temperature contours of the diagonal cross sections in three packing forms. From Figure 5 , it is obvious that the temperature rise becomes much more rapid from SC packing to BCC packing and to FCC packing. In the SC packing, the temperature of the central line increases gradually and hasn't reached the same temperature as the particle surfaces until the end of the flow passage. This is because the leakage in the central passage in the SC packing is quite obvious, which means that the heat carried by the particle surface cannot be transferred to the fluid efficiently. In the BCC packing, although the temperature of the outlet is still lower than that of the particle surface, it is higher than the outlet temperature of the SC packing, indicating a stronger heat transfer in the BCC packing. In the FCC packing, the flow temperature has almost reached the equilibrium value ahead of the outlet, which demonstrates that the particle-to-fluid heat transfer coefficient has the highest value in FCC packing. Figure 6 shows the distributions of wall heat transfer coefficient in the selected particle surfaces in three packing forms. From Figure 6 , it can be seen that the average wall heat transfer coefficient (h w ) is becoming higher and higher from SC packing to BCC packing and to FCC packing, which results in the temperature profiles displayed in Figure 5 . Besides, in the SC packing, the variation of wall heat transfer coefficient is obvious where area with both high values and low values covers a considerable proportion of the whole particle surface. In the BCC packing, though the deviation of wall heat transfer coefficient can still be seen, it's not so significant as in the SC packing. In the FCC packing, the distribution of the wall heat transfer coefficient is quite uniform where most region of the surface has the wall heat transfer coefficient near the mean value, which indicates that the heat transfer between the particle and the fluid is good.
Residence time distributions
In the analysis of RTD, the tracer concentration is monitored at the outlet in principle. However, in the computational domain of the numerical simulations, the empty outlet section amid the outlet and the packed section can change the RTD curve of the packed section. In order to assess the influence just of the packing unit, the cross sections picked up in the middle of the packed section were used in the analysis instead. The area-weighted average value of the tracer's concentration on these cross sections were monitored when a unity tracer concentration was injected into the packing at the first time step and then became zero during the remaining time period. The monitoring process was finished when at all cross sections, the accumulative tracer concentration with time reached unity, which means that all tracers have passed through the cross sections. In the SC packing, 12 cross sections are created in one periodic cell. In the BCC packing, the number of cross sections in one periodic cell is 10 and it is 16 in the FCC packing. Despite all these data, only part of the cross sections in the 4th periodic cell is used in the analysis to assess the flow pattern since the flow here is fully developed and hence can represent the RTD characteristics of the packing structure. Figure 7 shows the RTD curves of 7 cross sections with the interval distance equal to 2 mm in the 4th periodic cell of SC packing. In the first cross section with z ¼ 54 mm, the RTD curve is the thinnest and the highest. As the flow moves forward, the RTD curve first becomes wider and flatter and then returns to be thinner and taller until it reaches the second place at the last cross section. The results indicate that in one periodic cell of SC packing, the flow inhomogeneity increases first and then decreases. This phenomenon is closely related to the flow pattern in the packing structure. Figure 8 depicts the axial velocity (Z-velocity) contours in the related cross sections shown in Figure 7 . The flow moves almost along the axial direction in cross sections of z ¼ 54 mm and z ¼ 66 mm which are located on the particles' middle cross section, as can be seen in Figure 8a , g. When the flow passes through the other cross sections, recirculation occurs, which means that negative velocity appears. As shown in Figure 8b -d, the negative velocity comes out around the edge of the cross section and it covers an increasing proportion of the whole cross-sectional area. The flow maldistribution in these cross sections can easily be seen. Therefore, the residence time distributions in these cross sections are becoming wider. As the flow continues, the area with negative velocity fades out gradually. As a result, the flow uniformity increases and the RTD curve becomes narrower and taller. It is remarkable that although the velocity field exhibits periodicity in the fully developed region, the RTD curve behaves in an aperiodic way since the RTD curve is a reflection of the flow inhomogeneity of the total flow channel and the flow non-uniformity anywhere will influence the whole residence time distribution. Figure 9 shows the RTD curves at two inlet velocities. It is found that the mean residence time (MRT) for v ¼ 1.76 m/s is less than that for v ¼ 1 m/s and the RTD curve for v ¼ 1.76 m/s is thinner and taller at the same position. This indicates that the flow inhomogeneity is reduced at higher inlet velocity. What can be further found in Figure 9 is that the RTD curves of the SC packing show an evident asymmetry. The skewed peak is a result of the channeling effect occurring in the central flow passage and the long tail corresponds to the recirculation. Therefore, the shape of the RTD curve can be used to diagnose the flow pattern inside the structure.
Residence time distribution in SC packing
The MRT and VRTD for the two inlet velocities are listed in Table 2 , where both variables with different velocities show similar variations in a periodic cell. The VRTD, which is calculated by the RTD curve, can be used as a quantitative indicator to assess the flow inhomogeneity. Smaller VRTD means that the flow is more uniform and is closer to the ideal plug flow. From Table 2 , it is found that, at the same inlet velocity, the VRTD increases as the flow passes through a periodic cell due to the non-uniformity inside it. Besides, the VRTD has a lower value at the higher inlet velocity. Although the case with higher velocity can behave more like the ideal plug flow and the energy efficiency is expected to be higher, the pressure drop and MRT should also be taken into consideration to choose the optimal operation situation. Figure 10 depicts the RTD curves of five cross sections in the 4th periodic cell in BCC packing when the inlet velocity is equal to 1 m/s. From Figure 10 , it can be seen that the RTD curves of the first cross section (z ¼ 61.44 mm), the last cross section (z ¼ 75.30 mm) and the middle cross section (z ¼ 68.37 mm) are lower and flatter than those of z ¼ 64.21 mm and z ¼ 72.53 mm. Contours of the Z-velocity of the mentioned cross sections are displayed in Figure 11 . Apparently, there are negative velocities in cross sections of z ¼ 61.44 mm, z ¼ 75.30 mm and z ¼ 68.37 mm, which makes the ranges of the velocity distribution wider and the RTD curves wider and flatter. As can be seen from Figure 3b , the negative velocities of the cross sections correspond to recirculations since they are located between the two particles in series. From Figure  11b , d, the ranges of the velocity distribution in cross sections of z ¼ 64.21 mm and z ¼ 72.53 mm are narrower compared with the above three cross sections. As a result, the corresponding RTD curves are thinner and taller. One can also see from Figure 10 that the RTD curves in BCC packing is asymmetric and has a long tail which is a reflection of the recirculation. The quantitative indicators of the BCC packing are listed in Table 3 . As can be seen, after the flow advances for a periodic cell, the VRTD becomes larger. This is a general principle for all packing structures as long as the flow is non-ideal plug flow. Figure 12 shows the RTD curves for two inlet velocities. The longer tail of v ¼ 1 m/s makes it to deviate more from the ideal plug flow and the degree of flow inhomogeneity becomes higher, compared with the case of v ¼ 1.76 m/s. The MRT and VRTD which show the same trend are listed in Table 3 . Figure 13 shows the RTD curves in FCC packing for an inlet velocity of 1 m/s. The curves show that the RTD of the FCC packing are very similar to a normal distribution. In contrast to SC and BCC packings, no tails are found here. This can be verified by the flow field displayed in Figure  3c , where almost no backflow occurs. The contours of the Z-velocity in the mentioned cross sections are depicted in Figure 14 . Here, it is obvious that the negative velocity is restricted to a very small proportion of the whole area and much more uniform velocity distributions are found in FCC packing compared to SC packing and BCC packing. Besides, the differences between all cross sections are not so significant as for the other two packing forms. Figure 15 shows the RTD curves of the cross sections z ¼ 73.88 mm and z ¼ 90.85 mm for the inlet velocities of 1 m/s and 1.76 m/s. All RTD curves present the similar shape, except for the expectation of the distribution, the amplitude and the variance. For the same inlet velocity, the RTD curve of the downstream cross section becomes lower and wider. For the same cross section, the RTD curve of the higher velocity is taller and thinner. The MRT and VRTD of FCC packing are listed in Table 4 . 
Residence time distribution in BCC packing

Residence time distribution in FCC packing
Comparison between three configurations
Although the inlet velocity in the three packing structures is the same, the various porosities make the internal velocities to differ from each other. For the same inlet velocity, the order of the internal velocity is FCC > BCC > SC, and as a result, the mean residence time is FCC < BCC < SC. In order to compare the RTD characteristics, a normalized time (H) is adopted here, which is calculated as the flow time divided by the mean residence time. Then the RTD curves versus the normalized time are drawn. The selection of the cross section positions is another problem in the comparison. Here two schemes are chosen. One is to compare the RTD curves at the same relative position, and the other is at the same absolute position. For the first scheme, the middle cross section and the end cross section of the 4th periodic cell in SC, BCC, and FCC packings are selected. This might be more suitable to explore the RTD and plug flow characteristics in the view of mechanism. For the second scheme, similar locations in SC, BCC and FCC packings (z equals to 100.00 mm, 100.25 mm, and 100.40 mm, respectively) are chosen. This method might appeal to the real applications more since if there are three kinds of packed beds with the same packing height, one will find out which one behaves more like the ideal plug flow. The results here can be helpful for the design of a packed bed reactor. Figure 16 shows the comparisons of RTD curves in the three packing configurations at three cross sections with different locations. From Figure 16a -c, it can be seen that the RTD curve of FCC packing is always the highest and the thinnest one and these show symmetric characteristics around their MRTs, which indicates that the flow pattern in FCC packing is the closest one to the ideal plug flow. In all cases, the RTD curves of the SC packing are the widest. However, the RTD curve at the end cross section in the 4th periodic cell of the SC packing, shown in Figure 16b , has a skewed peak due to the channeling effect captured in this cross section. In SC and BCC packing forms, the highest tracer concentrations come ahead of the MRTs and long tails appear, which show a varying degree of backflow inside the structures. A more convincing result can be found from the VRTDs, which are shown in Table 5 . Here, only the values of the cross sections of z % 100 mm are given. It can be clearly seen that the VRTD of FCC packing is the smallest, while the VRTD of BCC packing comes second. The VRTD of SC packing has the largest value. The result is consistent with Figure 14 .
The contours of mass fraction of the tracer (tracer concentration) at cross sections of z % 100 mm for different residence times are shown in Figures 17-19 . As can be seen in Figure  17 , in SC packing, most tracer comes out at H¼0.75. For all times, it is the central part that has a higher tracer concentration. Similar to the velocity distribution, the distribution of the tracer concentration has a wide range in one cross section. When H¼1.5, there is still tracer concentration on the cross section, which indicates the long tail in SC packing. Figure 18 , showing the cases in BCC packing, also shows that it is the H¼0.75 case which has the highest tracer concentration instead of H¼1. In contrast to the SC packing, the channeling effect can hardly be found in BCC packing since higher tracer concentration appears in all part of the cross section rather than at a certain location like the SC packing. Besides, when H equals 1.5, the tracer concentration is close to zero, demonstrating that the tail is smaller compared with the SC packing. The tracer concentration in FCC packing, shown in Figure 19 , is much more different from the other two packing configurations. An extraordinary evenly-distributed tracer concentration is found in the cross section at all times. The highest tracer concentration appears at H¼1. Furthermore, as time moves on, the tracer concentration reaches the highest value in a very short time and reaches zero promptly.
From the above RTD analysis, it can be inferred that there is a relationship between the flow maldistribution and the heat transfer performance. For flow with smaller VRTD, which represents a less dispersion and a more plug flow like flow, the distribution of the heat transfer between the particle and the fluid is supposed to be more uniform and a better heat transfer characteristic is expected. This can be helpful for the design of packing structure in real applications.
Conclusions
In this article, the flow inhomogeneity and heat transfer characteristics in simple cubic (SC) packing, body-centered cubic (BCC) packing and face-centered cubic (FCC) packing were numerically studied by the method of residence time distribution (RTD). The results are useful for estimation of flow maldistribution in packed beds with different packing configurations. The major findings are as follows:
1. The RTD curve can be used to diagnose the flow pattern in packed beds. In SC packing, the RTD curve has a skewed peak before the mean residence time (MRT), which means that there exists a channeling effect. After the MRT, there is a long tail indicating a recirculation inside it. In BCC packing, there is also a long tail since recirculation can also be obviously seen in this packing configuration. For FCC packing, the RTD curve is narrow and nearly symmetrical, which shows that the flow pattern is close to the ideal plug flow. 2. The variance of the residence time distribution (VRTD) can be used as an evaluation factor to assess the flow inhomogeneity. Smaller VRTD corresponding to narrower RTD curve means that the flow uniformity is better. In the studied packing structures, FCC packing has the lowest VRTD while SC packing has the highest value. For the same packing configuration, a higher velocity corresponds to a lower VRTD. 3. The local heat transfer between the particle and the fluid near the particle surface is more uniformly distributed in packing structure with less flow inhomogeneity. In the studied packing forms, FCC packing has the most uniform wall heat transfer coefficient and the strongest heat transfer.
